SUMMARY
Little is known about ion channels that regulate the graded, subthreshold properties of nerve terminals. Using the calyx of Held, we demonstrate here a large presynaptic persistent Na + current with unusually hyperpolarized activation voltage. This feature allowed the current to determine both the resting potential and resting conductance of the nerve terminal. Calyces express presynaptic glycine receptors whose activation depolarizes the synapse. We found that activation of the persistent Na + current was an essential component in the response to glycine. This Na + current originated at or very close to the terminal and was sustained even after trains of large spike-like depolarizations. Because Na + channels also underlie the presynaptic action potential, we conclude that their action both triggers and modulates exocytosis through control of presynaptic membrane voltage.
INTRODUCTION
Neurotransmitter release from synapses is triggered by propagated Na + -channel-dependent action potentials. Exocytosis can also be modulated by subthreshold changes in membrane potential, either from passive spread of current from the somatodendritic region of neurons or from activation of presynaptic ligand-gated channels (Awatramani et al., 2005; Trussell, 2001, 2002) . These effects should depend critically on the complement of ion channels that determine how synapses respond to stimuli from these diverse sources. Na + channels are expressed in synaptic boutons or at the preterminal axonal membrane (Ahern et al., 2000; Engel and Jonas, 2005; Leao et al., 2005) , and this distribution may enhance the amplitude or timing of spike-driven transmitter release. By making recordings from the calyx of Held, a giant mammalian nerve terminal, we identified a substantial, steady-state (persistent) Na + current (Crill, 1996) with novel properties that had profound effects on presynaptic function.
RESULTS

Na
+ currents in the calyx of young rats were studied in the presence of K + and Ca 2+ channel blockers (see Experimental Procedures). A test pulse from À100 mV to À50 mV evoked a large transient inward current followed by a smaller current that was sustained for over 1 s ( Figure 1A ). Both the transient and persistent currents were blocked by bath application of the Na + -channel blocker tetrodotoxin (TTX, 500 nM), thus identifying the sustained current as persistent Na + current (I NaP ). I NaP was also examined using a series of voltage ramps of different rates ( Figure 1B ). Spiking and associated escapes from voltage clamp appeared in the current trace during the fastest ramp (280 mV/s, red trace), however with slower ramps (70 mV/s, green trace; 16 mV/s, blue trace) escaping spikes were absent while the I NaP was only marginally inactivated. I NaP evoked with ramps was partially blocked by 10 nM TTX (gray trace) and fully blocked by 500 nM TTX (black trace). By subtracting from a control trace one with 500 nM TTX, the current-voltage relation for I NaP could be determined, revealing a remarkably negative detection threshold for activation of À85.2 ± 0.6 mV ( Figure 1C ; n = 8), as compared to previous observations (e.g., Bevan and Wilson, 1999; Enomoto et al., 2006; Taddese and Bean, 2002) . Similar properties were seen for synapses recorded close to physiological temperature (34 C) ( Figure S1 ). To explore further these activation characteristics, conductance versus voltage plots were constructed using voltage steps in which the I NaP was averaged 250-300 ms after pulse onset ( Figure 1D ). The ratio of I NaP to peak (transient) currents in response to steps was 2.4% ± 0.4% (n = 6). Boltzmann fits to these ( Figure 1D , red line) revealed a maximal conductance of 4.13 ± 0.88 nS, a V HALF of À50.9 ± 2.9 mV, and a slope factor of 9.8 ± 0.7 mV (n = 6). This slope factor is higher than that of many previous reports of NaP and may account for the more negative activation voltage (Kay et al., 1998; Magistretti and Alonso, 1999; Magistretti et al., 2006; Taddese and Bean, 2002 ; but see Parri and Crunelli, 1998; Wu et al., 2005) . To test if the I NaP could be less available (more inactivated) after trains of spikes, we compared I NaP before and after a train of 40 1 ms pulses to +20 mV delivered at 200 Hz ( Figure 1E ). These experiments showed that I NaP remained at near normal amplitude after the conditioning train (91.2% ± 1.8% of control, n = 5).
It is possible that the very negative value for activation is an artifact: if the terminal voltage clamp did not extend far into the axon, and if the axon is depolarized by the K + channel blockers, then a very negative presynaptic clamp potential would be needed to bring the distal axon to a more normal activation voltage for I NaP . Two lines of evidence argue against this possibility. First, we recorded the size and activation voltage for I NaP and then estimated the axonal length after loading the terminal with Alexa 594. Figure S2 shows an examples of I NaP recorded from a calyx with a >700 mm axon and one with no apparent axon at all, showing that the amplitude and Boltzmann parameters were similar. On average, terminals with axons <50 mm had about 2/3 the I NaP of terminals compared with axons > 100 mm (205 ± 54 pA versus 306 ± 9 pA, p = 0.11, n = 5 each) and no difference in activation voltage (À84.2 ± 1.0 mV versus À84.4 ± 0.9 mV, p = 0.89, n = 5 each). Another control was to measure activation voltage in calyces recorded using the same pipette solution used for current clamp, and no K + channel blockers in the bath. Although this limits how effectively we can control voltage in the positive range, it also prevents the axon resting potential from being very different from the calyx. These experiments gave I NaP activation potentials similar to control values ( Figure S3 ; À84.5 ± 1.3 mV, n = 6). Thus, these data show that most I NaP arises close to or at the terminal and that its threshold voltage for detection of activation is unusually negative.
It is therefore likely that I NaP could be active at, and contribute to, the resting membrane potential. Indeed, in current clamp, application of 2 mM TTX by local pressure ejection hyperpolarized the membrane potential by 2 mV (Figures 2A and 2B ; from À77.3 ± 0.9 mV to À79.3 ± 1.1 mV, p < 0.0001, n = 11), and decreased the resting membrane conductance by 27% (Figure 2C ; from 4.4 ± 0.4 nS to 3.2 ± 0.5 nS; p < 0.05, n = 6). The I NaP is unlikely a developmentally transient current since it was larger in older animals (p < 0.01; peak amplitude measured from ramp protocol of 60 ± 19 pA (n = 4) for P7-8 rats, 130 ± 18 pA (n = 6) for P9 rats, 414 ± 77 pA (n = 6) for P10-11 rats).
Because the intraterminal concentration of Cl À is high (Price and Trussell, 2006) , activation of presynaptic glycine and GABA A receptors depolarize terminals and facilitate exocytosis (Awatramani et al., 2005; Turecek and Trussell, 2001 ). Given the negative activation range for I NaP , we predicted that the effects of glycine would be augmented by I NaP . Glycine generated a depolarization whose amplitude declined as the membrane potential was shifted toward the Cl À reversal potential of À46 mV (Figures 3A and 3B) . TTX decreased the amplitude of the glycine responses triggered from voltages between À70 and $À90 mV. At more negative potentials, where I NaP was not active, or at potentials closer to the reversal potential for Cl -, TTX had no effect. At À80 mV, close to resting potential (À77 mV), TTX reduced the glycine response by 34% ( Figure 3C ; from 12.5 ± 1.6 mV to 8.3 ± 1.2 mV, p < 0.001, n = 8). As expected, the glycine-evoked current under voltage-clamp mode was not altered by TTX (Figures 3D and 3E ; 41.5 ± 9.2 pA in control and 39.2 ± 9.0 pA in TTX, p = 0.20, n = 7, V HOLD = À80 mV), indicating that TTX did not directly affect glycine receptors.
A small change in presynaptic potential produced by glycine or GABA has large effects on transmitter release (Awatramani et al., 2005) . It was not possible to test the effectiveness of the glycine or GABA as a modulator of evoked release in the absence of I NaP because reducing I NaP with TTX also affects the presynaptic spike. However, the depolarizing action of glycine increases the frequency of spontaneous miniature EPSC (mEPSCs) measured in postsynaptic neurons (Turecek and Trussell, 2001) , and this provided a means to determine the role of Na + channels in modulating resting release probability. The presynaptic axon to the calyx does not fire spontaneously in vitro, and when active generates a very large EPSC (Borst et al., 1995) . Thus, small spontaneous events are likely due to mEPSCs from the calyx, with a small contribution from non-calyceal inputs (Hamann et al., 2003) . Figures 4A-4C show that 200 mM glycine increased the frequency of spontaneous EPSCs 3.04 ± 0.48-fold (control: 0.42 ± 0.10 Hz; glycine: 1.28 ± 0.37 Hz, n = 7, p < 0.05, paired t test). Coapplication of 500 nM TTX with glycine increased the frequency only 1.86 ± 0.48-fold (0.78 ± 0.30 Hz; n = 7, p < 0.01, paired t test compared with (E) Effect of conditioning ''spikes'' on I NaP . Left panel is control response to a voltage step to À40 mV. Peak current is cut off. Right panel shows a step to À40 mV preceded by 40 1 ms steps to +20 mV delivered at 200 Hz. A 4 ms return to À80 mV followed the last brief pulse and before the test pulse to À40 mV. After the pulse train, the mean I NaP measured 250-300 ms after pulse onset was 91.2% ± 1.8% of control (n = 5).
only glycine). Thus, the effectiveness of the presynaptic modulator was nearly doubled by coactivation of I NaP . TTX alone decreased mEPSC rate in only two of seven cells (>20% change in frequency), indicating that the 2 mV contribution of I NaP to resting potential alone has little effect on mEPSC rate (0.42 ± 0.11 Hz for control; 0.35 ± 0.06 Hz in TTX, n = 7, p = 0.24).
DISCUSSION
I NaP is generally associated with the pacemaking or bursting activity of neurons because it is often activated positive to the resting potential but negative to spike threshold (Bevan and Wilson, 1999; Enomoto et al., 2006; Taddese and Bean, 2002) . We find that the presynaptic I NaP has a more negative activation voltage ($À85 mV); to our knowledge this is unlike other reports of native or recombinant Na + channels. This biophysical feature enables it to regulate the resting properties of the synapse, an outcome both of the effect of I NaP on the resting voltage and conductance, but also the sensitivity of I NaP to small depolarizations. Because the probability of vesicle release is sensitive to small changes in presynaptic membrane potential (Awatramani et al., 2005) , the I NaP can boost the effectiveness of presynaptic modulators that activate ion channels, such as GABA, glycine, and acetylcholine. Recently, a TTX-insensitive nonselective cation channel NALCN, was identified as the major ''Na + leak'' channel of neurons (Lu et al., 2007) , due to its voltageindependent gating. The presynaptic I NaP , because of its negative activation voltage, can act both as a resting inward current and as a voltage-sensitive amplifier. Given its TTX sensitivity, it is unlikely to be Ca 2+ permeable (unlike NACLN), an important adaptation for an inward resting conductance of nerve terminals.
Since TTX-sensitive Na + channels can act locally and in the subthreshold voltage range, our results suggest caution in interpreting studies which use Na + channel blockers to determine whether compounds that regulates synaptic activity act on presynaptic membrane targets or upstream in axonal/somatic/ dendritic compartments. Indeed it is possible that receptors previously identified as axonal or somatodendritic could be localized presynaptically (Jeong et al., 2003; Lena et al., 1993; Schwyzer et al., 2002; but see McMahon et al., 1994) . Our observations are also relevant to recent studies that show that voltage change in cell bodies may be passively conducted to nerve terminals and there trigger or modulate transmitter release (Alle and Geiger, 2006; Shu et al., 2006) . A prediction from the present study is that such ''analog'' transmission would be controlled by presynaptic I NaP , and is consistent with its sensitivity to TTX (Alle and Geiger, 2006) .
It remains unclear what is the site of expression of the I NaP channels. Our data show that the bulk of the current arises very close to or at the calyx, since changes in axon length had only moderate effects on current amplitude. It is possible that I NaP is generated by the same channels that generate the large 
Neuron
Presynaptic Na + Current phasic Na + current (Taddese and Bean, 2002) . A previous study of the calyx showed that inactivating Na + channels are mainly expressed at preterminal membrane, although excised patch experiments suggested some presynaptic Na + channels (Leao et al., 2005) . Engel and Jonas (2005) , however, were able to detect Na + current on mossy fiber boutons of hippocampus. In both studies, inactivation was reported to be complete. Nevertheless one would expect some persistent current near the calyx. A À10 nA peak current, similar to currents reported previously in the calyx (Leao et al., 2005) , would produce a À200 pA steadystate current upon 98% inactivation, a level of inactivation similar to published values (Taddese and Bean, 2002) ; this is indeed consistent with our own estimates of the degree of inactivation (97.6%; mean I NaP À229 ± 48pA, n = 17). Thus, it is not improbable that I NaP is produced by Na + channels near the calyx terminal. If so, this would indicate that terminal or preterminal channels regulate presynaptic membrane properties. The slope of the Boltzmann curve we obtained was shallower than that reported in many (though not all) previous studies of I NaP . There are several possible explanations. A potential artifact is that, as the terminal is clamped to more depolarized regions, more distant regions of axon may be depolarized and their current activated, particularly in the presence of K + channel blockers. This would spread out the Boltzmann curve and shift the apparent activation voltage negative and the V HALF positive. However, our measured V HALF of À51 mV is similar to published values (Kay et al., 1998; Magistretti and Alonso, 1999; Magistretti et al., 2006; Taddese and Bean, 2002) . Moreover, the activation voltage was independent of axon length and was unchanged when K + channels were active. To explain a shallow Boltzmann slope, it may be that the channel underlying I NaP has unusual biophysical features, consistent with its clearly negative initial activation voltage. However, it could be instead that there are two channels underlying the I NaP , one having a more negative activation and V HALF , and one more conventional. Together, these would spread out the Boltzmann curve. Some cells did indeed seem to show slight evidence of double Boltzmann components but this was inconsistent and measurement error could not be reliably excluded. In either case however, the data argue for a novel and functionally significant component to I NaP in the nerve terminal.
EXPERIMENTAL PROCEDURES Slice Preparation
The handling and care of animals was approved by OHSU. Coronal slices of brainstem were prepared from 7-to 13-day-old Wistar rats (Awatramani et al., 2005; Borst et al., 1995; Turecek and Trussell, 2001) . Briefly, 180-220 mm thick sections were prepared in ice-cold, low-Ca
2+
, low-Na + saline using a vibratome (VT1200S; Leica). Immediately after the slices were cut, they were incubated at 35 C for 30-60 min in normal ACSF and thereafter stored at room temperature. The ACSF for incubation and recording contained (in mM) 125 NaCl, 25 glucose, 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 0.4 ascorbic acid, 3 myo-inositol, and 2 Na-pyruvate, pH 7.4 bubbled with 5% CO 2 /95% O 2 .
Whole-Cell Recordings
Slices were transferred to a recording chamber and were continually perfused with ACSF (2-3 ml/min) at room temperature, except as noted. Calyces and MNTB neurons were viewed using Dodt contrast optics and a 403 waterimmersion objective (Olympus . Series resistances (6-25 MU) were compensated by 60%-80% (bandwidth 3 kHz). Signals were filtered at 10 kHz and sampled at 20 kHz. To isolate presynaptic Na + currents in response to voltage steps or ramps, TEA-Cl (10 mM), and 4-AP (2 mM) and CdCl 2 (200 mM) were added to ACSF, substituting for NaCl with equal osmolarity. Resting potential was determined in current clamp (zero holding current). Liquid junction potentials were measured for all solutions, and reported voltages are appropriately adjusted. The resting conductance was measured in current clamp mode using current ramps around the resting potential. Drugs were applied by pressure ejection or bath perfusion. TTX (Tocris) and other drugs were stored as aqueous stock solutions at À20 C.
Analysis
Data were analyzed using Clampfit (Molecular Devices) and Igor (WaveMetrics). mEPSCs were sampled by template matching using a rise time of 0.2 ms and decay of 0.5 ms, threshold of 33 noise SD, using Axograph X. The detection threshold for activation I NaP was determined from 2 kHz-filtered ramp data by extrapolating a line fitted between À100 and À90 mV; the point of deviation from this line (typically by several pA to be obvious by eye; see Figures 1 and S3) was considered as the point of detectable activation of I NaP . Boltzmann functions were used to describe NaP activation: G = G MAX / (1 + exp(À(V À V HALF )/k)), where G is conductance in nS, G MAX is the maximal conductance, V is the potential in mV, V HALF is the voltage for half-maximal activation in mV, and k is the slope factor in mV. Statistical significance was established using paired and unpaired t tests as indicated. Data are expressed as mean ± SEM. 
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